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Abstract

The critical current density, J c, can be increased by introducing defects throughout YBa 2Cu 3O 7
superconducting thin films. We propose a new approach of substrate nanoengineering to produce wellcontrolled defects. LaAlO 3 substrates have been ion-etched with different 34 nm deep patterns prior to the
deposition of the films. An annealing step at 1000 °C after substrate etching has been undertaken to negate the
Ar-ion damage to the surface. The J c of the so-prepared samples measured at different temperatures has been
compared to thin films deposited on plain substrates at the same time. In general, an increase in J c is observed
across all temperatures and fields as a result of both patterning and annealing. In particular, at zero field and 85
K, the largest enhancement of > 40% has been recorded for circle and triangle patterns. This new substrate
nanoengineering technique is very promising for flux trapping of superconducting devices, particularly
because an increase to critical current ( I c) also occurs. Further optimization of depth, size, and shape of the
patterns is expected to produce further improvements to J c.
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The critical current density, Jc , can be increased by introducing defects throughout YBa2 Cu3 O7
superconducting thin ﬁlms. We propose a new approach of substrate nanoengineering to produce
well-controlled defects. LaAlO3 substrates have been ion-etched with different 34 nm deep patterns
prior to the deposition of the ﬁlms. An annealing step at 1000  C after substrate etching has been
undertaken to negate the Ar-ion damage to the surface. The Jc of the so-prepared samples measured
at different temperatures has been compared to thin ﬁlms deposited on plain substrates at the same
time. In general, an increase in Jc is observed across all temperatures and ﬁelds as a result of both
patterning and annealing. In particular, at zero ﬁeld and 85 K, the largest enhancement of . 40%
has been recorded for circle and triangle patterns. This new substrate nanoengineering technique is
very promising for ﬂux trapping of superconducting devices, particularly because an increase to critical current (Ic ) also occurs. Further optimization of depth, size, and shape of the patterns is
expected to produce further improvements to Jc . Published by AIP Publishing.
https://doi.org/10.1063/1.5063261

I. INTRODUCTION

An important aspect for the functionality of many different superconducting devices is the enhancement of the critical current density (Jc ). It allows more efﬁcient current
transport and points out an enhanced magnetic ﬂux pinning
potential. Extra energy is then required, usually in the form
of a Lorentz force FL , to depin vortices from these pinning
sites. One simple way to artiﬁcially create pinning sites is to
remove the superconductor in speciﬁc, controlled locations
creating the so-called antidots (ADs). The primary use of
ADs may be in superconducting quantum interference
devices (SQUIDs) to reduce the noise associated with vortex
movement.1,2 Similarly, ADs can be used to reduce energy
losses from vortex movement in thin ﬁlm microwave resonators.3 For the optimal vortex pinning potential, the size of the
AD should be between double the coherence length (ξ), the
size of the vortex,4–6 and the penetration depth (λ).7,8 For
YBa2 Cu3 O7 (YBCO), this corresponds to the range from
 5 nm9 to  150 nm.5,10 To create ADs of these dimensions, the use of electron beam lithography (EBL) is
required. Recently, improvements to Jc have also been found
using “large” (2 μm-3 μm) ADs.11–14 In this case, optical
lithography may be used, which is technologically a much
faster and cheaper process than EBL. The main concern with
large ADs is that patterned ﬁlms occasionally led to degradation.11,12 Indeed, this process can be potentially damaging to
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the YBCO from ion implantation, handling, and water exposure. Moreover, even if Jc is increased relative to plain (nonpatterned) ﬁlms, the overall critical current (Ic ) may still be
reduced due to the removal of a relatively large volume of
the superconductor.
To achieve consistent and well-controlled Jc enhancement, we propose that substrates can be patterned prior to the
deposition of the ﬁlms. If the superconducting properties
inside the etched region of the substrate are similar to those
outside, the step between them will act as the additional
pinning region. Such substrate nanoengineering can adopt
any previous patterns and arrays used for ADs. In this case,
the volume of the superconductor remains effectively the
same as the corresponding plain ﬁlm. An increase in Jc
would also then imply an increase in Ic . Furthermore, YBCO
ﬁlms would not be treated by a potentially harmful ion/chemical etching process (overheating, loss of oxygen, Ar-ion
implantation) and additionally exposed to moisture causing
degradation15 during handling.
A similar technology is employed to create step-edge
Josephson Junctions (SEJs) in YBCO.16 This process
involves etching a step or a ramp into a substrate to produce
SEJs caused by a nanoscale thick, artiﬁcially created
weak-link.16–18 This weak-link separates the top and the
ramp part of the step. To form an SEJ, the ﬁlm thickness to
step height ratio d=h must be  1.19 Above this value, a
weak-link would not form; hence, no Josephson Junction
properties could be expected. In the case of this work,
we aim to enhance Jc implying no weak-links; hence, we
require d=h  1.
124, 233905-1
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II. EXPERIMENTAL DETAILS

The high quality YBCO thin ﬁlms used in this work
have been grown by pulsed laser deposition (PLD). The
details of our well-established PLD process have been
described elsewhere.20–22 In this work, 200 nm thick YBCO
ﬁlms were deposited on 5  5 mm2 LaAlO3 (LAO) substrates, possessing the critical temperature Tc ¼ (90:5 + 0:5)
K and Jc ≃ 3:5  1010 Am2 at 77 K. Optical laser lithography and ion-beam etching were employed to pattern the substrates. These were ﬁrst covered uniformly by spin coating
with a positive photoresist. A pattern was then deﬁned by a
UV laser in a Heidelberg Instruments μpg101 micro pattern
generator and then developed. After placing the so-prepared
substrates in a vacuum chamber and bombarding them with
Arþ ions accelerated with an RFM30 ion gun for 10 min, we
obtain designed patterns. Taking an atomic force microscopy
(AFM) cross section proﬁle gives the depth of an etched hole
on average to be (34:5 + 0:5) nm.
To negate the damage caused by etching, we have
annealed the substrates in a similar fashion to that described
by Kawanowa.23 The substrates were annealed at 1000  C in
air for . 2 h and then were moved immediately to the PLD
chamber and a YBCO ﬁlm was deposited. This type of heat
treatment has already been shown to ﬂatten the substrate
surface and also resulted in enhancing the quality of the
grown YBCO, in particular for ultrathin ﬁlms.24,25
An AFM cross section proﬁle across the hole covered by
a deposited ﬁlm revealed the depth of the hole to remain
about (35:3 + 1:8) nm. The thickness to step ratio is therefore 200=35  5:7 . 1, so a SEJ should not form.19
In addition, to ensure a proper characterization, a plain
substrate and an annealed plain substrate have also been
deposited at the same time for comparison.
In this work, we selected four representative patterns,
which were also explored in our previous work,11,12 for the
proof of the concept purpose, rather than to optimize the
expected Jc enhancement. These four patterns were etched
into different substrates as follows (Fig. 1): (a) squares, (b)
graded channels, (c) triangles, and (d) circles, and these were
deposited in two batches. The ﬁrst batch used the substrates
patterned with the squares (S1) and graded channels (G1)
along with a plain substrate (P1) and an annealed plain substrate (AP1). The second batch used the substrates patterned
with triangles (T2) and circles (C2) along with a plain substrate (P2) and an annealed plain substrate (AP2). Having
P1,2 and AP1,2 ensures a proper comparison to the effect of
the substrate patterning and its annealing on Tc and Jc , rather
than unlikely random errors during depositions. Note that all
patterned substrates were annealed as mentioned above.
S1 [Fig. 1(a)] has 10 μm sides in a triangular array with
a period of 20 μm so that there was a 10 μm vertical and horizontal gap between squares.
G1 [Fig. 1(b)] is a set of 5 μm wide concentric square
rings. This was arranged in a way so that the rings were
dense in the center of the sample and gradually became
sparser toward the edge. The array period starts at 7 μm and
increased at 1:6 previous array period so that the period
between the ﬁnal two channels was 825 μm. A similar

FIG. 1. Optical images of surfaces for all samples with the substrates patterned with (a) squares, (b) graded channels, (c) triangles, and (d) circles.
Shaded (yellow) regions emphasize the shape of the etched regions for each
pattern, while the edge between the etched and non-etched regions (where
the additional pinning is assumed to occur) is shown by a thin solid line and
is further explored in Figs. 2(b) and 3.

graded type of ring patterns with ADs of different dimensions has previously been successfully employed for pinning
enhancement in different ﬁlms.11,26
T2 [Fig. 1(c)] is the pattern with the largest etched
region used having a 20 μm base and height. The triangles
were also arranged in a triangular array with a horizontal
period of 30 μm and a vertical period of 25 μm, which meant
a gap of 10 μm and 5 μm between shapes horizontally and
vertically, respectively. It should also be noted that the triangles in T2 are orientated such that the apex is pointed toward
the center of the sample. This orientation is similar to the
work done with ADs in an attempt to produce a ratchet
effect, which allows ﬂux to experience a stronger pinning
effect entering (increasing ﬁeld) than exiting (decreasing
ﬁeld).11,12
C2 [Fig. 1(d)] has the smallest features created having a
3 μm diameter and a period of 10 μm in a triangular array.
Measurements of Tc and Jc were performed in a Quantum
Design Physical Properties Measurement System (PPMS). The
Tc was measured by DC magnetization measurements using
an applied magnetic ﬁeld Ba ¼ 2:5 mT. The ﬁeld dependent
magnetic moment was measured at temperatures of 10 K,
45 K, 77 K, and 85 K. From these measurements, the Jc can

FIG. 2. SEM images of YBCO surfaces for S1 at different magniﬁcations.
One full etched square with its surrounds is shown in (a), while (b) displays
only one edge of the square. The yellow box in (b) denotes the edge area
separating the ﬁlm deposited on the unetched surface of the substrate and the
etched surface of the substrate within the square.
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TABLE I. Comparison of Tc for all samples. Also shown is the
concentration of surface defects for 4 samples which were imaged using
SEM.

P1
AP1
S1
G1
P2
AP2
T2
C2

Tc

Outgrowths ( μm2 )

Pores ( μm2 )

90
90
90.6
90.6
90.5
90.3
91
91

1.60
2.72
2.00
2.60

2.48
0.20
0.56
0.20

be calculated using a critical state model for the speciﬁc
sample geometry used from the equation Jc ¼ 3ΔM=w,
where ΔM is the change in magnetization dependent on the
ﬁeld sweep direction and w is the width of one side of the
sample.20 For all measurements, the ﬁeld was applied perpendicular to the ﬁlm plane. Typical Jc curves are similar to
those shown in Ref. 11.
The scanning electron microscopy (SEM) images were
obtained from a dual beam microscopy (Zeiss Aurgia 60).
The samples were attached on a conductive holder using a
carbon double-sided tape to ensure a proper conducting
path and to minimize the charging effect. The images were
taken at a medium electron beam voltage of 5 kV to compromise between the image resolution and sample surface
contamination.
Cross-sectional Transmission Electron Microscope (TEM)
samples were prepared using the in situ lift-out focused ion
beam technique and were studied with the help of the FEI
Tecnai F20 ﬁeld emission TEM operated at 200 keV.
III. RESULTS AND DISCUSSION

Table I somewhat surprisingly shows that the patterned
substrate samples have consistently higher Tc . The overall
high Tc indicates the high quality of YBCO thin ﬁlms
deposited.
Figure 2 displays the SEM images for S1; however,
these are typical for all samples investigated. The SEM
images show the large amount of quite common defects on
the surface of the YBCO ﬁlms. These are mostly so-called
pin-holes (or pores) and some outgrowths (or droplets). A
large number of pin-holes ( pores) may be caused by high
energy plume adatoms arriving to the substrate due to a short
target-to-substrate distance.27 This causes short reaction
times and inhomogeneous growth with a more pronounced
3D growth component27,28 in the otherwise 2D/3D
Stranski-Krastanov growth mode.29 The pores may also be
caused by BaY2O4 secondary phase occlusions.30
Outgrowths may be caused by high energies of adatoms in
the laser plume,27 CuO and/or YCuO2 phases,31 or by a stoichiometry mismatch.32
The concentration of these defects on the surface was
counted within a 5  5 μm2 area and displayed in Table I.
Clearly, the annealing of the substrates has decreased the
amount of pores present but increased the outgrowths. Note,

FIG. 3. The TEM cross section of S1 around the ramp-like edge between
etched and unetched regions is shown in high (a) and (b) as well as in lower
(c) and (d) magniﬁcations. The direct comparison between the etched and
unetched regions indicates that the growth mechanism is similar in both the
regions.

only P1 and P2 in Table I have not been annealed. A potential reason for these changes, which will be discussed elsewhere,33 stems from the modiﬁed surface morphology of the
LAO substrate.
It is important to ensure that the etched and unetched
regions produce the same high quality YBCO superconducting ﬁlms. A higher magniﬁcation image of the square patterned sample, shown in Fig. 2(b), exhibits the deposited ﬁlm
on both etched and unetched regions of the substrate. The
surface of the two regions appears to be very similar. The
numbers of defects in the etched area are 1.80 μm2 and
0.88 μm2 for outgrowths and pin-holes, respectively.
Comparison to the non-etched values of 2.00 μm2 and
0.56 μm2 suggests similar quality structures of the two
regions. This is also conﬁrmed by transmission electron
microscopy showing very similar columnar growth mode of
the ﬁlm in both the regions [Figs. 3(c) and 3(d)].
The yellow box in Fig. 2(b) shows the ramp-like edge
area between the etched and unetched regions, which is where
the expected additional pinning potential is. On this edge,
the concentration of outgrowths has increased to 2.67 μm2
and pin-holes to 2.22 μm2 .
Figures 3(a) and 3(b) show typical regions near the top
of both edges of one of the squares for S1. On the etched
side of the substrate, amorphous regions are circled. They do
not exhibit a typical layered pattern for the YBCO material,
which can be observed above these regions. These amorphous regions are about 5-10 nm wide, extending along the
entire edge of any patterned feature for all samples. They are
large enough to accommodate a vortex.
Figures 3(c) and 3(d) display a lower magniﬁcation of
the same region around the patterned edge. A structural
domain wall, produced by the PLD columnar growth of
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YBCO thin ﬁlms, is clearly seen originating on the tip of the
edge traversing up to the surface of the ﬁlm with a corresponding characteristic feature on the surface of the ﬁlm,
which is likely a pin-hole. The domain walls are also well
known to serve as pinning sites for vortices.4,6,34–36
For easier clariﬁcation of enhancement to Jc , the difference in the Jc is taken between the thin ﬁlms deposited on
their corresponding patterned substrates and P1 or P2, shown
in Figs. 4(a)–4(d). It is worthwhile reminding that the patterned samples had their substrates annealed before the deposition. Note, a positive difference in Fig. 4 shows
enhancement to Jc , while negative shows degradation.
Strikingly, over a broad range of temperature and applied
magnetic ﬁeld, Jc (Ba ) shows a general enhancement for the
ﬁlms deposited on the patterned substrates with one exception for T2.
In particular, a higher Jc always occurs for patterned
samples at very low ﬁelds. Most notable enhancements of
 35% and  40% are, respectively, observed for S1 and G1
at T ¼ 85 K. This in itself is a very useful property for many
superconducting devices operating close to Tc . This enhancement is gradually reduced down to under 20% as the temperature is decreased to 10 K.
Another interesting result is that for C2, the enhancement degrades at a notably slower rate as the function of the
ﬁeld than for the other patterns at T , 45 K. However, this

FIG. 4. Jc difference of samples compared to the respective plain ﬁlm P [left
column (a)–(d)] and annealed plain ﬁlm AP [right column (e)–(h)]. G1
denotes graded channels, S1 squares, T2 triangles, and C2 circles.

J. Appl. Phys. 124, 233905 (2018)

enhancement, which is much larger than for all the other
samples at 10 K, signiﬁcantly deteriorates as the temperature
is increased, on the contrary to S1 and G1. To some extent,
this behavior is supported by magneto-optical imaging in
MoGe ﬁlms with ADs of a circular shape on one half of the
sample and square shape on the other half,37 where Jc for the
part with the circles was found to be higher. These results in
the MoGe ﬁlm are ambiguous since no temperature dependence of this effect was observed due to the ﬂux-jump effect
at lower temperatures. It is also notable that the Jc difference
for the corresponding AP1 and AP2 samples behaves somewhat similarly to C2 with the only difference that the degradation produces a clearly negative Jc difference for T  77
K. Such similarity suggests that the pinning mechanism for
C2 and AP1,2 samples is similar. We come back to discussing this point below.
T2 exhibits the exception, showing negative Jc difference in Ba . 0:5 T and T , 45 K, which tends to level for
higher temperatures, while robustly exhibiting Jc enhancement at lower ﬁelds over the entire temperature range. The
sharp drop in Jc with ﬁeld is a typical result for a ﬁlm with
easy vortex ﬂow channels.38,39 The base of the triangles in
T2 is orientated to be parallel with the sample edge, while
their sides form aligned channels of suppressed superconductivity. These channels enable sliding of vortices toward the
triangle vertex and then from one triangle to another toward
the center of the sample [Fig. 1(c)]. Vortices breaking away
from one triangle corner to a neighboring triangle may be
promoted by excessive ﬂux accumulation in the corners of
triangles.40 This is in stark contrast to the other samples,
exhibiting no apparent easy vortex channels.
Furthermore, it is instructive to plot the difference in Jc
between the same ﬁlms and their corresponding annealed plain
substrates, i.e., either AP1 or AP2 [Figs. 4(e)–4(h)]. Since both
the ﬁlms and plain substrates were deposited on annealed
substrates, the remaining difference is only due to the effect
of substrate nanoengineering, whereas Figs. 4(a)–4(d) show
the superposition of the pinning changes due to the patterning and due to changes associated with annealing.
There are two main features to distinguish in the Jc difference plots in Figs. 4(e)–4(h) as follows. (i) The trend of
the Jc difference as a function of the ﬁeld is similar for all
the samples and (ii) except for C2. This is best seen at
T ¼ 10 K, for which C2 is the only sample showing positive
Jc difference in the entire ﬁeld range. As the temperature is
increased, all the patterned samples gain positive Jc difference, so that the strongest Jc enhancement (up to 45%) is
observed at a highest measured temperature of 85 K.
Notably, the behavior of the Jc difference becomes very
similar for 85 K, including C2.
Thus, C2 stands out in Fig. 4, indicating that the added
pinning contribution is most effective at lowest temperatures
for this sample. This type of Jc enhancement is most likely
associated only with vortex pinning arising at the etching
edges, rather than with collective effects of vortex pinning
and dynamics facilitated by particularities of the entire
pattern as, for example, described for T2 above and in
Refs. 11, 26, 38, and 39. In Ref. 11, for example, nonhomogeneous, non-Bean-like magnetic ﬂux penetration with
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“vortex vacuum” regions appeared as a result of AD pattern
contributions to vortex pinning has been proposed. In the
case of the circle pattern in C2, it has the most symmetric
shape of its features, the smallest dimensions, the most
homogeneous array pattern, and the least area of etching,
compared to the other samples investigated in this work.
Hence, this pattern is the least suitable for similar collective
effects.
T2 shows the weakest performance enhancement and
even negative Jc difference, especially at lowest measured
temperatures and high ﬁelds. The positive Jc difference is
only achieved at low ﬁelds (, 0:4 T). However, this pattern
still shows the general trend of the Jc performance as for the
other patterns (G1, S1). In fact, even C2 tends to exhibit the
same trend as all other samples in Fig. 4 at T . 45 K.
The empirical analysis of the obtained results indicates
that the Jc enhancement has a similar origin in all the
samples associated with the inﬂuence of the patterning.
These added factors associated with patterns are likely a
synergy of (i) additional vortex pinning sites (or regions) at
the edges of the nanoengineered patterns and (ii) the nonhomogeneous vortex penetration and modiﬁed non-Bean-like
critical state pinning model of vortices in the samples.11 The
non-homogeneous vortex penetration was shown to be equally
effective at any temperature below Tc for AD patterns in
Ref. 11. In the present work, the superconducting ﬁlms do
not lose integrity within the patterns as was the case for
ADs. Hence, at low temperatures, this non-homogeneous
vortex penetration dynamics may not be effective, and, mainly,
the added pinning sites by the pattern edges contribute to Jc
enhancement. At higher temperatures, the vortex dynamics
has a more profound inﬂuence; hence, the Jc enhancement is
larger due to the collective inﬂuence of the patterns on
vortex pinning. This scenario is further supported by C2,
which as mentioned above should be least susceptible to
inhomogeneous penetration due to its most “homogeneous”
pattern: the circular sample of features, their smallest dimensions, and the least etched area ( per feature). Indeed, C2
demonstrates behavior which is least consistent with the
non-Bean-like pinning model, and, on the other hand, it is
more consistent with the added pinning sites of a certain
type, which enhances Jc at low temperatures only.
IV. CONCLUSION

In conclusion, we propose a new, well-controlled substrate nanoengineering approach to enhance Jc in superconducting YBCO thin ﬁlms. Different patterns (circles, squares,
triangles, and graded concentric square rings) etched on substrates demonstrate spectacular Jc enhancements of up to
45% in the vicinity of Tc . The enhancement is the result of
introducing additional defects at the pattern edges and collective pinning pattern inﬂuence on vortex dynamics. Since
YBCO ﬁlms do not lose their integrity because the pattern
manufacturing takes place prior to ﬁlm deposition, the Jc
enhancement corresponds to the engineering Ic , which is an
important result for any potential device applications. The
growth of the YBCO inside the etched region appears to be
the same as the growth outside. Optimization of depth,

J. Appl. Phys. 124, 233905 (2018)

shape, and dimensions of the patterns is expected to enable
further Jc control and enhancements.
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